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INTRODUCTION

' The characterization of the behavior of soil under loading is a
complex task. The finite element method has in recent years been a v
useful tool in analyzing structures, structures on soil, and soil-structures.
An emphasis has been placed on use of nonlinear plasticity soil models
to more accurately capture the soil response. Recent work has focused
on effective stress analysis - the ability to not only calculate the soil
stress but also to calculate the pore fluid pressure. '

The use of an effective stress model has application in analysis of
ocean floor soils, nearshore and offshore structures, and in seismic
analysis. Oscillations in loading, whether from wave action or seismic
shaking, produce a dynamic loading that can induce significant increases
in pore pressure. The increase in pore pressure can reduce allowable
soil capacities and increase deformations from a reduction in effective
confining stress. Under extreme conditions flow slides and liquefaction
occur. Although liquefaction has been identified as a phenomenon for
20 years, soil mechanics is just beginning to understand the interaction
of stress confinement and drainage path,thich occurs in the field such
as under a foundation or around a pile. For example, common engineering
practice in the evaluation of seismically induced soil liquefaction‘
considers level ground conditions away from the structure. Shear stresses
from the structure are not considered. Present design guidelines for
pile foundations are based on static load considerations.

Recent earthquakes, particularly those in Alaska, Japan, and Chile,
have emphasized the high damage threat the soil liquefaction phenomenon
poses to waterfront structures. In the 1960 Chilean earthquake (magni-
tude 7) quaywalls, sheet piles, and sea walls were damaged by liquefac~
tion of loose, fine, sandy soils. In the 1964 Alaskan earthquake (magni~-
tude 8.4) severe damage to Anchorage, Cordova, and Valdez occurred,

including large-scale land slides, as a result of liquefaction. Japanese



earthquakes (Niigata, 1964, magnitude 7.3; Miyagi-Ken-Oki, 1978, magni-
tude 7.4)Icaused severe waterfront damage to wharfs, bulkheads,
quaywalls,'piers; and conventional structures. The majority of the
damage sustained in waterfront areas was primarily from liquefaction of
loose, cohesionless sands. '

A study conducted by the Office of Naval Research (Ref 1) recog-l
nized a major llquefactlon hazard ex1st1ng at West Coast Naval stations.

A more recent 1nvest1gat10n at the Naval Air Station (NAS) North Island
Calif. (Ref 2), concluded that llquefactlon under des1gn earthquake
levels could result in destruction of such cr1t1cal structures as a1r-:"”
'craft carrler berths, aviation fuel tank farms, and underground utility
service lines. Unfortunately, almost all previous studies of the 11que—
faction problem have been concerned with either conventional building
foundations or W1th analyses of dams, and procedures for analys1s are |
not avallable for spec1allzed Navy structures. » )

The effective stress model is of ‘major 31gn1f1cance since the Navy
must locate in areas where the water table is high. Even if 11quefac-‘
tion (a loss of shear strength from a loss of ‘effective confining stress)
does not occur, a buildup of pore pressure is probable both in sands and
clays; This pore pressure buildup can be of major siguificance to |
structural behavior. J ‘ ,t o
v The Navy has a drydock certlflcatlon program 1n progress These
structures are examples of situations where a structure 1s surrounded by
so11 often with a high water table. 8011 loadlng causes wall deflectlons
Wthh, in turn, alter the 3011 load. Note that even though drydocks are
critical Navy structures, the present analytlcal techn1ques reflect the
state- of ~the- -art as of 1950 Bas1cally, static structural ana1y31s pro~
cedures are used ‘with estlmates of the soil pressure The drydock is only
one of many types of structures at the waterfront that 111ustrates the
s1gn1f1cance of 5011 structure 1nteract10n. ,

The effectlve stress 5011 model is a cr1t1ca1 tool for use on water-
front structures. Dynamlc ana1y31s technlques are essentlal for a realistic
assessment of drydock safety Drydocks are only one appllcatlon, others

include quaywalls, bulkheads, retalnlng walls, ocean floor structures, etc.
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Effective stress techniques are also of interest in underStanding pile
behavior. Pore pressure builds up during the cyclic loading process and
then deformations increase.

This report documents work performed during FY83 investigating
use of the effeétive stress soil model. Funding for this task was

obtained jointly from the Navy and the Départment of the Interior.

PREVOST SOIL MODEL AND TEST DATA

In order to evaluate the behavior of the Prevost soil model a

series of tests was performed for the Naval Civil Engineering Labofatory

(NCEL) by Professor Lade, University of California at Los Angeles. Prevost

developed an automated procedure to compute the parameters required to
use his soil model. This procedure was used to fit the silica sand from
Lade's test data. Triaxial compression and extension test results were

studied. Two cases were investigated:
(1) 11 surfaces model using:

compression test results: 12 points

extension test results: 15 points
(2) 29 surfaces model using:

compression test results: 34 points

extension test results: 34 points

Case (2) uses the same set of test results as case (1) with additional
data points for improved definition. For case (2) the additional exten-
sion points were obtained by interpolation of reported test data points.
To evaluate the material models for éases (1) and (2) above, the
computer codes DYNA-FLO and TESTA, developed by Prevost, were used to
perform triaxial simulations. DYNA-FLO is 2 nonlinear transieﬁt finite

element analysis code, and TESTA, the subroutine PCONST from DYNA-FLO,



is used as a driver for the soil modei.under prescribed strain paths.
DYNA-FLO was used to run dralned and undralned tr1ax1a1 simulations, and
TESTA. was used to run undrained cyc11c s1mulat10ns '

' The stress-~ strain data curve for Lade's 5111ca sand is shown in
Flgure 1. These data were used to produce the resultlng yield surfaces
shown in Figures 2 and 3 for cases (1) and (2) above. In each case, 100
yield surfaces were requested; the program produced 11 surfaces for case

(1) and 29 surfaces for case (2). Some of the yield surfaces touch;
this is permitted, however, as long as they do not overlap.
Tﬁe one-element three-dimensional runs using the'DYNAfFLO program

used the following control cptions:
(1) a‘symmetric stiffness.natrig
(2) an giliptic cese\(a stsric sroblem)‘
(3) implicit—esplicit treatment
t4) 100 time steps
(5) 10 iterations

The single-element model is confined at nodal points' by horizontal
nodal forces and is loaded vertically by a displacement function. A
variation of initial modulus, Gl and Bl, parameter study for the 1l-surface
model is shown in Figures 4, 5, and 6. Run 1 uses the original Bl and Gl
(G1 = 253 and B1 = 675)._ Run 6, with G1 = 66 and B1 = 338, appears to fit
the test data the best. Similar results for the 29-surface model are
shown in Figures 7, 8, and 9. These results show the sensitivity of model
behavior to the values of initial modulus. The initial modulus serves as
the referencelline for the computetion of the nonassociativity parameters,
which relate stress-strain space. Thus, the initial modulus has a signifi-
cant effect on volume strain as can be seen 1n Flgures 6 and 9. The
selection of Bl and Gl had an effect on (the lack of) convergence of the

'equ111br1um iteration.



For drained behav1or, both the 11- and 29—y1eld-surface models
produced similar and satisfactory agreement with the test data.

Figure 10a shows the undrained stress path for case (1) with 11 yield
surfaces. Note that the test data exhibit a greater drop in mean
stress, indicating higher pore pressure generation than would be exhibited
by the computed results. Figure 6 does indicate some difference in
drained volumetric behavior, which would translate into undrained behavior
differences. Part of the problem was thought to be the lack of defini-
tion in the yield surfaces as shown in Figure 10b. TFigures 1la and 11b
show the stress path for case (2) with 29 yield surfaces. It can be
seen that the improvement in results is only slight. Figure 12 shows
the pore pressure, comparing computed results with test data.

In an attempt to improve the volumetric behavior, the nonassocia-
tivity parameters were varied in compression. Figure 13 shows the
effect on volume strain, and Figure 14 shows the effect on pore pressure.
The approximate magnitude of pore pressure is correctly predicted; how-
ever, the pore pressure drops off too early.

It is important to note that the actual sand is a very uniform sand
at.a relative density of about 30%. This relative density was chosen
such that liquefaction would occur in five cycles. The material exhibits
an initial low level region in which a definite yielding or stréining
without additional stress occurs. This is attributed to the "seating"
of the grains with perhaps some segregation. The very low density of
the test sample must be constructed in the laborétory and would not occur
in nature. Perhaps the material goes through a transition in which its
continuum representation breaks down. The model does predict the level
of pore pressure expected but not the full strain state.

The 11-yield-surface model was examined under cyclic undrained
loading. The level of load oscillated at 20% of the initial confining
stress. At this low loading level, the model behaved elastically since
all loadings were within the first surface. The 29-yield-surface model
was then examined under the same cyclic loading. Figufe 15 shows the
effective stress path of the computed results along with the test data.
Liquefaction is noted in four cycles for both. Figufe 16 shows stress-

strain behavior. The first loading cycle of the model behaves elastically.



The model experiences greater strain in extension than the‘data on the
first unloading cycle. Figure 17 shows the pore pressure with vertical
- strain. The model behaves qualltatlvely correctly, although vertlcal ‘
~'stra1n in exten51on appears to be larger than 1nd1cated It is 1mportant
to remember that the model undrained cyclic predlctlons are based on
drained tests. ThlS again demonstrates the semsitivity of the results
to extension test data. | |

~To. better understand the undrained model behav1or, one. cycle of
loadlng was applled to the 29-y1e1d -surface model Flgure 18 shows the
stress path and load‘steps. Figure 19 shows the position of the sur—‘
faces of each load step. The "x" shows the location of the: load step in
stress space. It is important to note the number of surfaces actually

involved in the computation. Although the 29- surface model haska large

. number of surfaces, most of these are in higher ranges not used in this

case. The deflnltlon in the low ranges is still coarse. This is llmlted'
by the number of data points available. Future experimental tests will
'focus on obtaining more data in the low range. | | |

 The level at which stress stabilizes and flow yielding occurs is
controlled by the size of the‘last surface. Values‘of the plastic bulk
and shear modulus are set to zero' on the last surface to produce the
y1eld condition. The effect of doubling the size of the last yleld

surface, 1ncreas1ng stress levels, is shown in Flgure 20.

BOUNDARY VALUE PROBLEMS

Multi-Element Simulation ;'v

To. develop a better understandlng of the model behav1or 1t was |
dec1ded to try a s1mple multl-element case. The ll-yleld surface ‘
soil data were used in a dralned env1ronment Two studles were done. .
the first had 60 elements, the second 120. The analy81s was two dlmen-
sional plane straln with two degrees -of- freedom per node u51ng the hyper-
bollcvsolver.b Flgure 21 shows the»undeformed mesh with node uumbers for

the 60- and 120-element runs. Confining pressures of 2.0 kg/cm2 were



applied to both vertical faceé, and the analysis wasvperformed using a
displacement-time function applied verticallf. The center node on the
base, node 44 for the 60-element run and node 77 for the 120-element
run, was constrained horizontally and vertically. The other nodes on
‘ the base were constrained in only the vertical direction.

- For the 60-element mesh, Figure 22 shows that the velocity vector
starts as initially uniform and then shows a computational instability
occurring at step 50. Also shown is the deformed mesh at step 60 to
exaggerated scale. Stress results were determined for the analysis and
are shown in Figure 23. Values of stress were the same in all»elements
as long as the solution remained stable. At step 50 an instability occurred
with a value of vertical stress of 5.40 kg/cmz. '

The problem was repeated with the 120-element mesh; Figure 24 shows
the velocity vector of step 80. The finer mesh eliminated the premature
numerical instability experienced above. All elements maintained the
same stress, showing uniform behavior as would be expected from a "per-
fectly balanced" system without initial imperfection. Had an "imperfection"
been intréduced, a typical bifurcation failure would have occurred.

Figure 25 shows vertical stress; the horizontal confining stress remained
at 2.0 kg/cmz. The failure shear stress (6.8-2.0 = 4.8)

agrees well with expected test results. Use of the implicit-explicit
element produced similar results.

The problem was repeated using the parabolic solver. Results are
similar (Figure 26), producing the same deformation pattern until about
step 60, at which time a localized deformation occurs. By step 70,
however, the deformation returns to a generalized deformation pattern.
Figure 27 presents the stress plots showing an instability at about step 60.
- The problem was repeated with the parabolic solver with three degrees~of-
freedom per node. Results were very similar to the 2 degree-of-freedom
solution. '

The problem was again repeated using the elliptic solver. Results
are similar to those of the parabolic solver, with an instability occur-

ring around step 60.



_ The'Same problem was repeated using the hyperbolic explicit formu-
lation. In this fornnlation a mass matrix is formed and a dynamic

: soiution occnrs. The exp11c1t formulatlon has a strlct t1me step requlre-
'ment ‘that the time step be less than the trans1t time through an element.
Flgure 28 summarizes the process. The solution is a wave propagatlon
problem in which the top surface is loaded and a wave propagates through
the”soil and reflects on the fixed base. Flgure 29 shows the Veloc1ty

vector plots show1ng the travel of the wave.

Consolidation Analysis

One of the epplications of an effective stress soil model is the
‘analysis of consolidation of soil under loading. A foundation typical
of a strip footing was investigated to evaluate the‘buildup and dissipa-
't1on of pore pressure with 1oad1ng ‘ ‘ '
A 100~ element mesh (Flgure 30) was used to represent a two-dlmen31onal
foundatlon A parabollc analys1s optlon was required to permit flow of
fluid between elements; thus three degrees-of- freedom (one for pore f1u1d
pressure) were used. Imp11c1t exp11c1t formulatlon was utlllzed w1th 10
equlllbrlum iterations. Flfteen time steps were used.
vv For material having pore pressure, a mater1al type, an NTYPE of 4
‘spec1fy1ng the two-dimensional element with porous media formulation must

be used. The following values. were recommended for Gaussian quadrature:

1 point v Initial stress stiffness integration
1 point Volumetric stiffness integration '
2 x 2 ; .Deviatoric stiffness integration

When 1ncompat1b1e modes are 1nc1uded to 1mprove an element in
bendlng and in application to 1ncompres31ble materlals, two—by-two
Gau351an quadrature_ln both volumetrlc and deviatoric terms should
be employed. o : -

 The water table was at the top surface of the mesh, and. dralnage was

permltted there Two cases were studied: an elastic soil model and the

@
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Prevost soil model. In both cases 10 element groups Vere used to
represent the soil layers. The buoyant weight of the'soilvis used in

conjunction with the weight of the water:

Ybuoyant = Ysoil " Yyater

Yooi1 = Yeorsq - (1-M) + )

soil water

where n is the porosity.

This convention maintains the initial effective soil stress and the
initial pore fluid pressure from gravity acting in the usual downward
direction. The gravity stresses offset the 1n1tlal stresses in the
Prevost soil model prescrlbed for each layer.
and K

12 21
to be set to values different from K11 and K22, or a singularity will

The permeability matrix at the element level fequires K

develop. Values of K12 and K21 of 0.0 have been used specifying only
Kli'énd KZZ’ The horizontal permeability is normally substantially
greater than the vertical permeability (10 to 1 in stratified materials).

In the elastic case py = 0.41 was used for all 10 groups, and E

,_réngéd from 16. 5 to 133.5 kg/cm2 from top to bottom layérs The varia-

tion in E was calculated using the values of G and Bl’ the elastlc
shear and bulk modulus for each layer, from the Prevost model. In the
Prevost model, the Lade silica sand, with confining stress of 2.0 kg/cm2
discussed above, was scaled according to confining stress in the soil
field for the 10 layers. The initial effective (conf1n1ng) stresses in
the 10 layers ranged from 0.0158 to 1.034 kg/cm , top to bottom. Dis-
placement and stress histories and contour plots are compared.

The soil field was loaded with a pressure of 0.05 kg/ém2 at the ’
upper fight corner as shown in Figure 30. Figure 31 shows the load-time
function used in the analysis and the velocity vector field at step 3
(t = 0.000975 seconds). This velocity field was at the time the load-time
function attains its maximum value of 1.0, and it was typical of both the
elastic and Prevost model cases. Figure 32 shows the deformed mesh

plots at step = 15 (t = 62.1 seconds). The deformed mesh plot for the



Prevost model case shows the three elements under the pressure load
folded over; thls results from the exaggerated deformation scale used in
the automated plotting. _

' Figures 33 and 34 show pore pressure contour plots for the elast1c
and Prevost material model cases. The plots show the buildup and dissi-
pation of pore'pressure} at step = 4 the maximum buildup of pore pres-
sure is shown. The hydrostatic fluid pressures from the water table are
not shown in the plots. Comparison of Figures 33 and 34 indicates the
numerical values and spatial variation of pore pressure are very similar
during both bu11dup and dissipation as would be expected from the low
level of loading.

Figure 35 shows the vertical displacement time histories of nodes 121,

117, 97, and 73 The solid line indicates dlsplacement for the elastic
model, while the dashed line is for the Prevost model For nodes 97
and 73, which are away from the applied 0.05 kg/cm , the elastic and
Preﬁost model solhtions are very similar. However,‘for node 121 for
2 1()”2 seconds, the dlsplacements become. increasingly greater for the
Prevost model. The dlsplacements for node 117 1nd1cate ‘upward movement
Figures 36 and 37 show stress histories for elements 89 and 100 (see
' Flgure 30 for these two elements) Grav1ty stresses are not 1ncluded
These flgures 1nd1cate that up to time t = 10-2 seconds,'the elastic and

Prevost model solut1ons are 51m11ar For t > 10 2

seconds, the effective
stresses for the elastlc case are greater than those of the Prevost
‘ model _However, the pore fluid pressures for ithe elastic case are less
than those of the Prevost model case. The effectlve stresses are greater
and the dlsplacements are lower for the elastrc model as compared to the
Prevost model. v u o _ o

. The above problem was repeated thls t1me comparlng the behav1or of
the Prevost model using the parabollc (dlffus1on) and hyperbollc (dynamlc)
optlons The parabollc (d1ffus1on) opt1on has a thlrd degree-of-freedom
represent1ng pore pressure. Deflnlng the pore pressure at a boundary
such as a free surface is accompllshed by settlng the nodal boundary |

condition to 1. This sets the _pore pressure value, glven no other 1nput

to a value of O 0 Dralnage 1s permltted In the hyperbollc case

10
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four degrees~of-freedom are used. The third degree-of-freedom is x dlrec-
tion fluid velocity, and the fourth degree-of-freedom is y-direction fluld
veIOC1ty. To prevent fluid flow at a boundary such as the sides or
bottom of a mesh, which should represent equilibrium no-flow conditions,
it is necessary to set the nodal boundary conditions to 1. A free
surface is left at 0. This is opposite to the parabolic condition and
can cause considerable confusion if not fully appfeciated; The hyper-
‘bolic option can be used in a quasi~static mode by selection of o and B
- to 1.5 and 1.0, respectively. This results in a heavily damped solution °
énd, wvhen coupled with large time steps, will produce a solution similar
to the parabolic solution.

The results for the parabolic and hyperbolic solutions did agree
within 5% when larger (10-second) time steps were used. The results
did not agree’closely at early time steps when small time steps were
used, showing the influence of the inertial temms.

+

Anisotropic Consolidation Analysis

The Prevost soil model utilizes stress surfaces whose position is
based on the initial confining stress. Thus, to analyze a soil field it
is necessary to divide it into layers with e§ch layer having different
pfqperties. Triaxial test data are not avaiiable for all layers, so it is
necessary to scale the data available to different confining stresses.
Based on limited data, it has been found reasonable to scale by the
ratio of average confining stress levels. The elastic shear modulus,
the initial elastoplast1c shear modulus, and the elastic bulk modulus
are scaled by the square root of the stress ratio. The bulk exponent is
not scaled. Initial stress components are scaled by the ratio. The
size of the yield surface is scaled by the stress ratio. The elastoplastic
shear and plastic bulk moduli are scaled by the square root of the
stress ratio; the degree of nonassociativity is not scaled.
Anisotropic consolidation can also be treated by shifting the
ellipses. If it is assumed that isotropic data are used and the J

1
value is maintained constant, then

11
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H

‘ shift,[Jz = v B
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| Shlft1/.l2 = —T'GV
1-K J
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The new values for o, are

F(o', n) = 0O
where J is the-isotropic test.

Figure 38 shows results of scallng data from a conflnlng stress of
2 to 5 kg/cm?. Also shown is actual test data from tests performed by
Lade. The results are satlsfactory for use. _
| Flgure 39 illustrates conver81on to an1sotrop1c condltlons Figure 3%a
shows the or1g1na1 SOll surfaces based directly upon the test data
Figure 39b shows the Shlft to the approprlate isotropic conflnlng stress
desired. Figure 39c shows the imposition of a k0 condition of 0.5
ma1ntaln1ng the vertical stress level.
It was of 1nterest to compare the 1sotrop1c soil for the previously.
discussed problem of the foundatlon compress1on Figure 40 shows the
pore pressure contour plot at step 14 for the two-d1mens1onal consoli-
dation problem using an anisotropic Prevost s0il model. The pore pressure
plots for steps.2 4, and'lO are not shown because they are similar to ‘
the 1sotroplc model results Comparlson of F1gures 34 and 40 at step 14 -
shows that the pore pressure d1$$1pates at a faster rate for the 1sotrop1c

soil model ;

12
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Figures 41 to 43 show vertical displacement and stress histories
for selected nodes andAelements. These results are similar to those of
the isotropic elastic and Prevost model results. The anisotropic Prevost
model results show greater displacements, as would be expected since the
initial horizontal confining pressures are one-half of those in the

isotropic case.

SOIL-STRUCTURE PROBLEM

Static Analysis

To illustrate a typical soil-structure problém, beam elements were

used to represent a structural frame on a soil foundation. Figure 44
shows the mesh. The structure was embedded in the‘soil resting on the
top of the fourth soil layer. Figure 45 illustrates the coupling of the
beam elements to the soil field using contact elements. Contact elements
were used at the base to permit change from the third degree-of-freedom
in the quadrilateral elements (pore pressure) to the third degree-of-
freedom in the beam (rotation). Vertical and horizontal contact elements
were used along the side of structure, vertical to allow for frictional
| forces andvhorizontal to permit contact/separation with deformation.
Figures 46 and 47 show the deformed mesh at steps 5 and 15 of loading.
Figures 48 and 49 show the vector velocity at steps 5 and 15. Figure 50
shows the stress path in the element beneath ghe corner of the structure.
Note that as the load is applied the stress builds up gradually, most of
load being carried by pore pressure. As the pofe pressure dissipates
(Figure 51) the effective stress in the soil increases and deformation
increases (Figure 52). The high loading produces localized yielding.
This is evident in the deformed mesh plots and vector velocity plots,
which show (to an exaggerated scale) the failure of the soil near the
structure. Figuré 53 shows the pore pressure.contours. The pore pressure
contours are similar to those in the previous consolidation problem. Pore
pressure is a maximum near the lower left corner of the structure, since

drainage is permitted only at the surface.

13



Dynamic Analysis

/

v It was of 1nterest to analyze a two dlmen31ona1 model of a structure
on soil subJect to horizontal shaklng motion. The model used (Flgure 54)
is 51m11ar to the prev1ous model composed of half the structure (Flgure 44).
" This time the full mesh is utilized to capture asymmetrlc effects such
as bulldlng rocking. The model is composed of 182 quadrilateral elements,'
28 beam elements, and 21 nodal contact elements. As done above, 10 soil
‘ layers were used, each composed of an ll-surface model scaled to the
layer}s depth. The Prevost model incorporates an initial stress as a
model parameterj gravity was applied from time = 0 to offset the initial
material stress. The building weight was applied slowly in five steps,
l’and pore pressures from this load were allowed to dissipate to produce an
equlllbrlum statlc condition as the startlng p01nt for dynamic excitation.
This solutlon was performed us1ng the hyperbollc option with 1ntegrat10n
parameters o =1.5 and B = 1.0 to produce a highly damped 'static"
condition. Thus, the flrst 10 steps were a statlc ana1y31s.' The solu-
tion utilized four degrees-of-freedom per node. The vertlcal side bounda-
ries were free boundaries for transiation, having statlc grav1ty pressure
g 1oads applled horlzontally to maintain equilibrium and hav1ng nodal _
dampers to,slmulate nonreflectlng boundarles Flow was not permltted
through the houndary. The water table was at the top surface where
drainage was permitted Figure 55 shows the deformed mesh and dlsplace—
ment vectors at the end of the statlc solut1on (10th step) |

At the 11th step the time 1ncrement was changed to a short dynamlc
1ncrement (0. 0125 seconds) and the 1ntegrat1on parameters o and B were
changed to 0. 65 and 0.33, respectively, for dynamic damped response. . The
loading chosen for this case‘was a sine wave horizontaily_applied at the
 base as a displacement function. Since the solution was_a,continuing
" golution at the 11th»step, initiai\conditions corresponding to an initial
base velocitylcould not be input duringithe solution. 'An_initialytransient
. is noted 1n the solution,. , | . v | _2_ | |
‘ Flgures 56 and 57 show the deformed mesh and veloc1ty vectors at one
point in the solutlon. Flgures 58a to 58d show t1me hlstorles at key p01nts

in the mesh. Note‘the initial transients at the base (Flgure 58a).

14



Figure 59 shows the pore pressure contours in the mesh at various
points in the dynamic loadihg} As can be‘seén,'as the meshvmbvés to the
right, fluid pressure builds up along the left bohndary, which does not
. permit flow, and as the direction reverses fluid pressure builds up on
the opposite side. The solution for 210 time steps took 100,000 CPU
seconds on a Prime 550-II with about 60 clock hours.

The prbblem of initial conditions was examined through analysis of
a vertical column of s0il elements 1 element wide, 10 elements high.
SFigure 60a illustrates base response for a condition of sinusoidal base
excitation with initial coqditions at the base and with integration
Parameters o and B equal to 0.50 and 0.25 to produce minimum damping.
Note thé increasing acceleration transients. Figure 60b shows the use
of a and B of 0.65 and 0.33, respectively, with initial conditions. This
response is as expected. However, if, as in Figure 60c, initial conditions
are omitted, the’response is markedly different, having high initial
acceleration transients. One approximate technique to eliminate the
effect of the initial condition is to merge the désired sinusoidal
excitation loading with an X3 function such that derivatives of the
funciion at times = 0 are 0.0. Figure 60d illustrates use of that
technique. vThe previous problem of the building on soil was repeated
using the displacement function of Figure 60d. The high initial tran-
sient was significantly réduced as expected.

To eliminate the fluid pressure buildup at the boundaries, the
boundaries were defined to permit flow across them. Fluid forces were
computed based on the depth to the center of each element and applied to

- the nodal points acting on the third degree-of-freedom as follows: .

F= (yw h p) x element height

where: F = total force applied half to each of two boundary nodes'
third degree-of-freedom with sign corresponding to direc-
tion
Y, = fluid unit weight
h = depth to center of element
P = porosity

15
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The forces actlve to restraln the vertical boundary from the 5011 welght

were computed and applied to the f1rst degree-of- freedom as follows.

'F :y[ys‘h (14p)] x element height »

£
=2
]
a3
o.
txd
it

total force applied half to each of the two boundary
nodes' first degree-of-freedom W1th sign corresponding
to dlrectlon

‘ol
H

s unit weight of dry phase
h = depth to center of eIemeht-
p = porosity

Figure 61 presents the deformed meSh,IShowing‘tﬁe'soil field aod structure
displacement to an exaggerated scale. Figure 62 shoﬁé'velocity vector
plots, and Figure 63”shows pore pressure confours;i The loose soil sub-
jected to the 0.5-cm horizontal displacement (about 0.1g) liquefies in the
region beneath the corners of the structure after two and one-half cycles.
The pore pressure continues to build up until a computational'instability
occurs. ' N | ‘ | o ‘

The solution tethniqueeié able to provide a satiSfactory static and
 dynamic analysis. Problems arising'frOm‘thisfStﬁdy are summarized as;‘”
s Lengthy computatiohalbtime

‘@ Need for static solution as a prerequisite for dynamic solution

‘. Inablllty to input initial dynamlc condltlons once solutlon
started

e Lack of full restart option

The above problems can be reduced by future modlflcatlon to the

code and improvement of the element formulatlon.
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PILE AND PIER FOUNDATIONS

Load Capacity

Piles and piers are used to transmit foundation loads to strata of
adequate bearing capacity and to eliminate settlements. Piles also are
often used to resist lateral loads or uplift forces. Figure 64 shows
tpe variety of typical pile types used. Timber piles aré'well suited
for use as friction piles in granular materials. Steel piles are best
for endbearing on rock. Concrete cast-in-place piles are economical to
use. Concrete-filled steel piles offer high bending resistance. Depend-
ing on type of pile used; piles are either driven or cast-in-place. Deep
foundations utilize piers that resemble large cast-in-place piles to
transmit the loading.

This discussion will consider only straight piles driven into
homogeneous depoéits of cohesionless materials. Experience has shown
that when piles are driven into sand, the soil near the pile is compacted
to a distance of a few pile diameters. In a homogeneous sand the point
resistance and average skin friction increase with depth of penetration
up to a critical depth. Beyond the critical depth the point resistance
and skin friction remain almost constant; generally, this is caused by
soil compressibility, crushing, and arching. The empirical approach to
predicting pile behavior has proven more satisfactory than analytical
bearing capacity predictions. ;

The load transfer mechanism between the pile and the surrounding
soil governs the behavior of the pile. The design of a pile requires?
determination of the proportion of load transfefred‘to the soil by
adhesion and friction between the pile and the soil and that transferred
by end bearing. This is influenced by the flexibility of the pile, the
stiffness of the soil, and the nature of the transfer mechanisms between
pile surface and soil.

Through use of instrumented field and model studies an»undérstand-
ing of the design of piles and piers has béen improved. Figure 65
illustrates use of pile driving resistance formulas to estimate individ-

ual allowable pile loads. Figure 66 illustrates the calculation of
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ultimate load capac1ty of piles in cohesive s01ls, and Flgures 67 and 68
1llustrate the calculation of load capacity of p11es for cohes1onless
soils. However, these conventional ultimate design approaches assume the
31mu1taneous and full mobilization of pile shear resistance and base
bearlng which is not well founded Studies have shown that movement of

- a pile must be present to mob111ze its load-carrying capaC1ty

Reese and 0'Neill (Ref 1) show the division of load between p1er and
base for a pier on Stiff clay (Figure 69). The first two load increments
show that almost all the load is carried by friction§ as the loading
increases more is carried by end bearing. Above 80 tons‘any additional
load is taken by end bearing. Note how curve C 31mp1y translates to form '
curve D, 1nd1cat1ng additional load is taken by end bearlng Using the
information in Figure 69 a typical load transfer relationship can be
obtained shOWing side friction (Figurev70) From the slope in Figure 69
it is evident that frictional effects are greatest in the middle (depth)
of the plle, and a reductlon in the rate of load transfer occurs in the
lower part, partlcularly just above the base. The d1str1but10n of fr1c~
tlonal forces depends upon the soil type. Modifications to ultlmate
strength formulatlons have been suggested by Reese and O Ne111 (Ref 1)
Factors include an effectlve depth concept in lateral earth pressure cal-
culation for granular 50115 and a frlctlon reduction factor for ultimate
'res1stance in cohesive soils.

A theoretical solutlon of the 1oad transfer phenomenon can prOV1de
considerable insight. Such a problem would be a soil- structure problem
in which the nature and mechanism of load transfer is ofgconsiderable“ |
importance; vSolution of this problen must focus on the stress-strain
characteristics of.the soil and the behavior of the‘interface between
pile and soil. Use of a llnear-elastlc constitutive model would be a
gross s1mp11f1catlon of the real materlal propertles ' The Prevost 5011
model offers an opportunlty to explore nonllnear relatlonshlps

Several approaches have been used to model the contact problem
Peterson (Ref 2) treats the two contacting surfaces as d1st1nct and joins
them mathematlcally by use of Lagrange multlpllers However, this does
not allow pre-sllp deformat1on Herrman (Ref 3 4 5) defines three

behav1or modes: nonsllp, sllp, and separat1on. A compatlblllty model
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combining compatibility and equilibrium is used. The compétibility

model involves linking the two surfaces with fictitious bond springs, and:
the frictional forces are applied as surface tractions. This allows a
pre-slip deformation that would not otherwise be computéd.

Another approach simply links two nodes initially overlapping with
nonlinear springs. The procedure has the advantage Qf simplicity of
operation, but unfortunately may produce undesirable numerical charac-
teristics when distinct rapid changes occur in stiffness.

Prevost has formulated a contact element in the DYNA-FLO code.

The contact element may be used to impose inequality constraints between
nodes. Either perfect friction (i.e., "stick") or frictionless (i.e.,
"slip") conditions may be achieved.

A contact element is defined by two nodes: a spring cbnstant, or
"penalty parameter," k; and a fixed direction vector, n. The present ‘
location of node A (a = 1, 2) is given by X0t QA, where Y is the initial
position vector and QA is the displacement vector. The contact plane
passes through the point 2, +'QA and is perpendicular to n (Figure 71).

The contact/release condition is defined as follows:
>0 release
o0 contact

where: o

I
e
-

]
>
o+
g .
»
]
o

£

The quantity 0 is a measure of the distance between Xt QB and the
contact plane. When countact is noted, a contact element stiffness and
out-of-balance force are added to the global equations.

If k > 0 is sufficiently large, the point Xp * QB will be forced to
lie (approximately) on the contact plane. In subsequent steps, only the
stiffness is assembled, and the deC151on to remain in contact, or release,

is made on the bas1s of the s1gn of o, as above.

:
¢
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For purposes of 1nterpret1ng output the contact element "dlsplace-

ment" is def1ned to be o, and the "force" is glven by
ko if 6 <0
0 ifozo

In addltlon to the contact element Prevost has deflned a sllde
element The slide- line element may be used to impose 1nequa11ty con-
.stralnts between nodes Either perfect frlctlon (i. e,,_"stlck") or
fr1ct10nless (1 e., "sllp") cond1t1ons may be achleved

A slide- 11ne element is defined by three nodes and a sprlng con-
stant or penalty parameter," k. The connectlon from node A to node B
‘ def1nes the,"sl1de 11ne” d1rect10n, and node C is the contact node
(Flgure 72). _

The progected distance of node C to node A onto the slide~line

direction is denoted by o and is given by:

[174Y
>
—

,&=KB°KC/!AB|2‘ 0

where "+" denotes the dot product of two vectors. The direction of the

unit vector K‘to the slide-line direction is given by:
(a) ln two dimenslons by rotating Aﬁlas an angle + n/2 ;
'(b) in three—dimensions:
n = (KE; Kc»)‘ ‘x‘KB/ »(KB’ 4x Kc) x ‘K‘B |

"where "x" denotes the cross product of two vectors. The local contact

stiffness matrix k is given by:
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la-o? -0 -0 -a
k = k | ol - a) ' a2 -Q |
-(1 - o) -a ' o1

where the rows and columns are arranged such that the first, second and
third rows (columns) correspond to nodes A, B, and C, respectively. The

contact/release condition is defined as follows:

(a) in two-dimensions:

0 s a‘é 1and B - n £ 0 : contact

otherwise, release

(b) in three-dimensions:

0 £as1 contact

o;herwise, release

If k > 0 is sufficiently large, the point C will be forced to lie
(approximately) on the SLide-line AB. 1In sﬁbseqqent'steps, only the

contact stiffness is assembled, and the decision to remain in contact, or

not, is made as described above.

Cyclic Behavior of Piles

Poulos (Ref 6) concludes that the ultimate load capacity and cyclic
stiffness decrease with’indreasing number of cycles and increasing cycle
load level. This becomes more significant when the cyclic load approaches
half the static ultimate load. The cyclic degradation appears to begin
at the top of the pile and progresses downward, resulting in a gradual
transfer of load to the lower position of the pile. The crucial factor
in determining the amount of cyclic degradation is the shear'strain for

skin friction.
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~ Poulos (Ref 7) has inveatigated an effectiVe stress approach to

. determine pore pressure increases with Cyclic loading and the resulting
modulus &egradation factors; Possibly a lack of data prevented further
~development. Figure 73 shows a compilation of observations (Ref 6) showing

degradation as a function of strain ratio, where:

Y., = (0.10 to 0.25) (¥)

‘and Y, = static shear strain to failure

- Poulos (Ref 6) reports that "one-way" cyclic'loaoing (i.e., cyclic
loading betweenvzero minimum load and a specified maximum) produces
significantly less degradation of pile capacity than would occur with
"two—way" loadlng (loading alternatlng between tension and compressxon
" with zero as a mean value) He p01nts out that degradatlon w111 occur
at dlfferent rates along the pile dependlng on local stress level. Even
: in 1n1tlally homogeneous soil, a nonuniform distribution of soil modulus

and skin friction will result from cyclic loading because nonuniformity
- of stress d1str1but10n occurs along the pile.. Degradatlon occurs 1n the
ultimate skin fr1ct10n along the length of the p11e and also in thev
'vu1t1mate base resistance. The maJor problem 1n a CYCllC response is
‘determlnlng how the degradation factors vary w1th strain and number
of cycles.
The cycl1c shear strain in the so11 adJacent to the p11e, y , can

be estlmated as:

H

whefe: P 'cyclie disolacemeht of pile at a poiﬁtvon the pile shaft
= . pile diameter

2 [5¥ CETRY "L/'d]"

€ v o0
t

= 1.0 homogeneous 1nf1n1te1y deep 3011
- 0.5 modulus increases with depth
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Poisson's ratio

Hg

L

embedded pile length

The cyclic base strain can be estimated from the above assuming
Us = 0.5, L/d = 100.

g = 0-4 Pbc
c Qb
where: Pbc is the cyclic displacement of pile base and

db is the diameter pile base.

It is important to note that the above is based on the assumptions
of elastic behavior. Typical predictions for pile settlement take the form
of Figure 73b. Also shown in Figure 73c is the ultimate cyclic load as
- a function of number of cycles. The settlement problem is the major

concern for piles in cohesionless materials.

Friction Between Calcareous Sand and Building Materials

Calcareous sediments have proven troublesome to offshore facilities.
Piles driven into calcareous sands have been noted to penetrate and to
be extracted with much less effort than predicted by conventional tech-
niques. A research program was previously conducted at NCEL (Ref 8)
in which qalcareous sediments were collected from three enviromments:  a
deep-oceaﬂ site, a shallow-ocean site, and a coralline sand from an atoll
beach. The coefficients 6f friction of these sands and of a quartz sand
used as a standard were measured against surfaces of rough and smooth
steel and mortar. Volume changes were measured as a function of sliding
displacement.

Experience has caused engineers to reduce pile capacities in calcar-
eous materials. This usually results in load capacity reductions to one
fourth that of piles in normal materials. It was not clearly understood why
calcareous materials exhibit inferior pile support. Measured angles of
internal friction, a measure of strength, are high, 34 degrees or greater.

Part of the problem was the low increase in soil effective stress during
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o plle dr1V1ng, which is thought to result from a crushing or collapse of a
cemented soil structure or from the breakup of 1nd1v1dua1 carbonate gra1ns.
This lack of increase in effective stress results in a relatlvely
lower shear strength in the soil mass surrounding the p1le. Further,‘it
was thought that the coefficients of frlctlon mlght be substantlally »
less between .calcareous materials and piles. Valent (Ref 8) conducted a
test program us1ng a modified dlrect shear test machine in which the lower
balf of the apparatus contalned the bu11d1ng material and the upper half
the soil sample. Table 1 summarizes his results

In general the results show that the low fr1ction forces in calcar—
eous sediments are not the result of low achlevable coeff1c1ents of
friction between calcareous sediments. Since the coefficients of friction
-of calcareous sands are comparable to other sands, low friction, then,
_ must be attributable to low normal force. The’deep—dcean sand (foramini-
feral sand-silt) exhibits one possible cause for low developed normal
force. The volume. change during testing indicetes a considerable Volume
‘_decrease during development of resisting friction forceb probably due to
crushing of the skeletal structures and shell fragments -Penetration of
a pile in such a materlal would crush the hollow shell material with
| only a minimal-increase in effective stress of the surrounding material.

Quotlng from Valent (Ref 8):

-1.  The calcareous sediments tested, and presumebly'calcareous
sediments in general, develop coefficients of friction against
steel and concrete building materials that are comparable to those

’ developed‘by quartz-type sands. Thus, the possibilit& of low
coefficients of friction be1ng respon51ble for the‘obServed low
friction forces on driven piling and other penetrators in calcar-

‘eous materlals is ruled out. -

2. The observed large volume decreases during shear of the foramini-
feral sand-silt are probably responsible’ for the low'developed
‘frictionvforces in these hollow-shelled materials. Such large

volume decreases at,nonincreaéing normelzload imply densification

iin the field without accompanying increases in normal stress on the

- penetrator surface.



3. Low developed friction forces in other calcareous materials may
arise from a similar mechanism involving a hypothesized loose, but
cemented, structure for the soil materia;. The application of
shear stresses during penetration would cause collapse of this

structure to a denser, but still loose, arrangement.

Piles in Calcareous Sands

The calcareous sands as discussed above are noted for loose

’ arrangement of particles lightly cemented to férm a structure to suppoft
other layers without compacting. However, upon shearing the structure
is destroyed, breaking the cement bonds, and Fhe loose-grained structure
compacts and densifies. The sand discussed above (Lade sand) is a very
loose sand (30% relative density) and, as such, is a "manufactured" sand
that would not occur in nature. The propeitiés of this material might
qualitatively be expected to represent the constitutive behavior of a
calcareous sand. |

To analyze a pile's load capacity using the effective stress soil
model, the mesh in Figure 74 was used. This mesh simulates a pile
already in place, (i.e., not the driving of the pile). kHorizontal and
vertical springs were used to join the pile to the soil field to simu-
late the interface and allow for pile movement. Unfortunately, DYNA-FLO
permits only elastic springs at this time. B o

‘The soil properties used were those of Lade sand, discussed above.
The material properties simulate the condition of the soil after place-
ment of the pile. No densification occurs, since the pile is in place at

the start of the analysis. A prediction of pile capacity was made using
. conventional'techniques in Figures 67 and 68 adjusted to the problem
conditions not counting densification. Results indicated a pile resis~-
tance in normal average cohesionless sand of at least 1,500 kg with about
150 kg of that in side friction and the remainder in end bearing.

Figure 75 shows the load settlement of the pile. Several values
were tried for the spring constants. Result%yshow the pile experiences
large settlements between 300 and 400 kg. Figure'76 shows the distribu-
tion of force within the pile for three load levéls. “Note that most of the
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- increase in load is due to skin friction.v Figure'77 shows the distribu-.
| tion ofvforce,eloog the pile at a point in the loading having a force of
300 kg applied at the top of the pile. The results in Figure 77 show
" about one-half to two-thirds of the load is taken in skin friction. The
skin friction portion of the load agrees with the predicted values;
however, the end bearing is substantially less. It is important to note
that the sand used had a relative density of only 30% whichvis so loose
as not to occur in nature but is "mahufactured"‘in the laboratory. The
" level of loading is about onejfourth'that‘of a pile on normal sand, which
‘is the level expected from experience in calcareous sands. Figure 78 shows
contours of principal stress around the p11e at a typ1ca1 load step.

These show typlcal patterns as would be expected The level of stress
below the pile tip would be on. the last surface at yleld

The results show that the order of magnitude of the p11e capac1ty

in calcareous materials is predicted correctly. Further, the friction
.developed on the‘sides of the pile is at the expected level, not substan-
tlally reduced from normal sands. The amount Of\end'bearing is»slightly
dependent on the vertical sprlng constant Use of nonlinear springs‘
. would have allowed slip to occur, transferring_more,load'into end bearing
- when exceedlng some local s11p level. , ‘, o
Next, pile behav1or under cyclic loading was examlned The applied
loadlng con51sted of cycllc varlatlon of the vertical load on the p11e
.In one case the loadlng was cycled in "one-way" loadlng (zero minimum and
~specified maximum) and in "two-way" loadlng (alternatlng_compre531on and
tension) The~first example was at a relatively low level of loading for
~the model pile (about one-seventh of y1e1d) Figure 79 shows the stress
beneath the pile tip for one-way loading. F1gure 80 shows the shear v
stress around_the pile. Flgure 81 shows the stress beneath the pile t1p
for two-way loading; the shear stress plot is similar. Note that the tip
force_reduces with loading,.trahsferring more to friction to maintain load
levels. Figure 82 shows the typlcal contact element force, a measure of
friction between the soil and pile. Note the gradual bulldup in the two-way

loading case.
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The loading was increased to about 40% df.yiéld. Figure 83 shows the
distribution of force within the pile for both one-way and two-way loading
for the first and fifth cycles. Note the increase in friction loading in
the pile with two-way loading, showing the degradation with cyclic loading.
Note also that for both cases the friction increases more in the lower
half of the pile. Figure 84 composes the typical contact element force,
égain showing the increase in friction with each cycle. Figures 85 and 86
show the stress beneath the pile tip. Both drop off with each cycle; '
however, the two-way loading does so at a faster rate. Figure 87 shows
the pile settlements for both cases. Note the change in settlement between
the first and fifth cycle is over 4 times greater for the two-way loading.
Figure 88 shows the deformed mesh for the one-way loading; the mesh would
be similar for the two-way loading. |

The loading was increased to 80% of pile capacity, and the one-way
loadiﬁg éase ﬁés tried. This load exceeds the friction éapécity by
itself, so two-way loading could not be used. Figure 89 shows the
stress beneath the pile tip, and Figure 90 shows the deformed mesh.
Failure occurs between steps 70 and 80. TFigure 91 shows the shear
stresses around the pile at steps 10 and 70. More stress is transferred
from tip end bearing to sgde friction. {

The cyclic results clearly shdw the degradation of the pile under
cyclic loading. Results show the two-way loading to cause more degrada-
tion aé expected. The model appears to be performing well in predicting
the qualitatiﬁe pile béhavior, particularly the settlements (Figures 73
and 87). | _ '

The pile problems were repeated for the undrained case in which the
water table was at the surface. Figure 92 shows the load settlement
curve. The original load increment used in the drained problem above
was too coarse for the undrained problem and produced an instability at
yvielding. The load step was reduced and the solution procéeded in a
satisfactory manner. The pile capacity was about 250 kg, lower than the
350 kg in the drained case. The loading was cycled in one-way and
two-way conditions. Figure 93 presents the distribution of force within
the pile, showing the increase in friction with cycling as with the

drained case. The friction is slightly greater in this case. Figures 94
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_ and 95 show the 3011 stress beneath the p11e. The end bearing stress

| drops off w1th cyc11ng show1ng the Shlft to fr1ct10n .The;"two-way
loading has a faster degradatlon. This is clearly shown in Figure 96
which shows the settlement The two-way loadlng produces a more permanent
settlement dlfferentlal after the f1fth cycle. Figure 97 shows the pore
pressure in the soil beneath the pile tip. The pore pressure rises to
about three- -quarters ‘of the cont1nu1ng stress and then drops off as the
load is shifted to friction on the s1des Flgure 98 shows. the frlctlon
force' Note the degradatlon effects w1th cycllng as load drops off w1th

'_each cycle

CONCLUSION

The work accompllshed focused on evaluatlon of the Prevost s01l
model by 1tself, comparing laboratory test data to pred1cted data, and in
a boundary value context. The model can accurately predlct dralned behav1or
using mater1al propert1es from tr1ax1a1 compreSS1on and extens1on tests
under an arbltrary loadlng ' Th1s is a 51gn1f1cant 1mprovement over »

’ tangent modulus and y1eld line models, which simply represented compres-
sion ‘data based on one test condltlon ,

: The Prevost 5011 model can predlct qua11tat1vely the correct level
of pore pressure under undrained condltlons based on dralned mater1a1
,propertles. However, agreement of stress stra1n predlctlons with test
data under undrained conditions is not good. However, this may be a
result of "seating" problems in the test data. The model did perform
well under cyclic loadlng, 1nd1cat1ng 11quefact10n in the same number of
cycles as expected, although the stress path var1ed somewhat. :

The 5011 model was evaluated under a ser1es of statlc, cycllc, and
dynamlc boundary value problems Generally, statlc problems performed v
well with no d1ff1cult1es Cycllc loadlng performed well, 1nd1cat1ng
soil degradatlon as expected The materlal model also performed well
'under dynamic load1ng, however, there were d1ff1cult1es in the utili- ‘

zat1on of the model
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The model tequires specification of the initial stress; this requires

specification of the starting gravity stresses in a dynamic analysis.
- When static dead load (structure) stresses are present in addition to
gravity stresses, a static analysis must precede the dynamic analysis such
that the correct static stress distribution is used as the statting
point for the dynamic analysis. This is difficult since a true restart
- option does not presently exist. Definition of proper dynamic initial
conditions is also complicated by lack of a restart option. Héwevér,
these problems are soluble by future modification to the coding.

' Analysis of piles in calcéreoué sands indicated qualitatively the
correct level of pile capacity. Cyclic behavior exhibited degradation
with loading showing that two-way loading is more severe than one-way

loading.
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Table 1. Summary of Friction Test Results ( Res &)

Test No. | Base Material? Soil Material “peakb presidualb
1 Sand® Quartz sand | 0.679 0.54
2 Sand Coralline sand 0.66 0.56
3 Sand Coralline sand 0.68d 0.57
4 Sand Oolitic sand 0.77 0.61
5 Sand Oolitic sand 0.81d 0.62
6 Sand Foram sand-silt | 0.64 0.58
7 Smooth steel Quartz sand 0.27d 0.19
8 Smooth steel Coralline sand 0.20 0.17
9 Smooth steel Coralline sand 0.20 0.18¢

10 Smooth steel Coralline sand 0.21d 0.17
11 Smooth steel Oolitic sand 0.15 0.13
12 Smooth steel Oolitic sand 0.32 0.31
13 Smooth steel Foram sand-silt | 0.40 0.37
14 Rough steel Quartz sand 0.60 0.54
15 Rough steel Coralline sand 0.63 0.55
16 Rough steel - Oolitic sand 0.54 0.51
17 Rough steel Oolitic sand 0.58 0.50
18 Rough steel Foram sand-silt | ----" - 0.66
19 Smooth concrete Quartz sand 0.60 0.54
20 Smooth concrete | Coralline sand 0.63 0.56
21 Smooth concrete Oolitic sand 0.59 - 0.52
22 Smooth concrete Oolitic sand 0.58f 0.54
23 Smooth concrete | Foram sand-silt | ---- 0.67
24 Rough concrete Quartz sand 0.69 0.57
25 Rough concrete Coralline sand 0.66 0.59
26 Rough concrete Oolitic sand 0.74 0.57

3801l in bottom shear ring for direct shear teSts, or building
material in friction tests. :

bFor direct shear tests p = tan ¢ where ¢ = angle of internal friction;
for friction tests p = tan § where § = angle of sliding friction.

c . o, . .
Base material same as soil material for direct shear tests.

dThese tests run with mechanical measurement system; i.e., proving
ring and manual recording of data.

®Low value for M reached shortly after p eak’ thereafter p increased
with displacement to end of test. P

fNo peak p reached, p increasing through end of test.
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Figure 27. Continued.



Figure 28. Computation of Explicit Time Step

K = 675.4 kg/cm® = Elastic bulk modulus
G = 253.3 kg/cm® = Elastic shear modulus
. = 1 cm = Length of an elemint (propagation direction)
p =(1.943x10"% /980) kg-sec/cm* = mass density
D = EQQ-p) . K= E G = E
(1+u) (1-24) 3(1-24) 2(1+p)
C, = D
o N——
P |
From K and E above, M4 = 3K - 2G E = 2G(1+u)
6K + 2G
M= 3(675.4) - 2(253.3) = 0.333 0,85cm
6(675.4) + 2(253.3)
v o . _ Dl.l)cm
E = 2(253.3)(1+0.333) = 675.4 kg/cm?
- . S - ELEMEN
D =__ 675.4(1-0.333) = 1012 kg/cm? | Pl
' (140.333)(1-2(0.333))
C =

> “[ 1012 {QQQ} . = 22600 cm/sec
1.943x10"

T

Time for wave to travel through an element

L/C. = 1/22600 = 4.4x10" sec

T »

In DYNA-FLOW: At = T/4 = 1.2x10™° sec
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Figure 29. Continued.



50 gm/ cm2

- Figure

30 . Undeformed rﬁesh — 2D consd!idafion
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Figure 31. Velocity vector field — 2D consolidation
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Figure 3Z. Deformed mesh — Elastic soil modzal
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Figure 32 . (Continued)
Deformed mesh — Prevost soil model
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| Gravity dffects not jncluded

Figure 33. Pore pressure contours — Elastic soil modsl
' Step=2, time=0.00035 sec
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Figure 33. (Continued) Step=4, time=0.0025 sec
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'Figuré 33. (Conﬁriqed) Step=10, time=0.64 sec |
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Figure 33 . (Conﬁ’_nued) Step=14, time=24.8 sec
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Figure 34. Pore pressure contours — Prevost soil model
Step=2, time=0.00035 sec o
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Figure 24. (Continued) Step=4, vtime=0,;0025 sec |
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- .‘Figure' 34. (Continued) Step=l0, time=0.64 sec
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Vertical Displacements {cm)

Node 12
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™ Node 97 — Elastic model

= ~ —= Prevost model
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Figure 5% . Vertical nodal disp!aceménis — 2D consolidation
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Horiz. stress (gm/ cmz)

Vertical stress (gm/ cm2)

Pore pressure (gm/ cmz)
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Figure 36 . Stress time histories — 2D consolidation
(Element 89)
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Figure 27 . Siress time histories — 2D consolidation
(Element 100) o
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Figure 39 . Sca:ling of Yiel,d- Surfaces
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Figure 40. Pore pressure contours — Prevost soil model (anisotropic)
' Step=Il4, fime=24.8 sec ' .
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Figure 4l . Vertical nodal displacements — 2D consolidation
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Figure 42. Stress time histories = 2D consolidation
- (Element 89) '
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Figure 43. Siress time histories — 2D consolidation
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Figuwe 44. Undeformed mesh—2D Soi‘l field with building

101

Elm 68



' Beam Element~7 ’\1:1? |
r "

=

Horizontal Contact

- Vertical Contactz ’

Soil Quad

Soil AY Porl Pressure

i
j G

Figure 45. Contact elements at structure interface.
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last yield surface

Stress Difference (kg/ cm?)
0.2

Figure 50 . Effective Stress Path—2D Soil field with building
(Element 68)
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Figure 51. Pore Pressure History—2D Soil field with building
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Figure 52. Displacement History=—2D Soil field with building

(Node 85)
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Figure 53. Pore pressure contours — Prevost soil model
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Figure 53. (Continued) Step=l0, time=0.64 sec
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Acceleration (cm/ sec2)
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Figure 58a. Time Histories — Node 10, horizontal
. (Base of soil field) ‘ '
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Figure 58b. Time histories — Node 168, horizontal
(Base of building)
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Figure 58c. Time histories — Node 237, horizontal

(Top of building)
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Figure 58d. Time histories = Node 237, vertiaal
(Top of building)
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Figure é0b. Initial Conditians: D = 0.25 sin 47t
A1=0.0125 sec, o0=0.65, $=0.33, Y°=3.l4 cm/sec.
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Figure 60d.
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Figure 63. Pore Pressure Contoufs—Dyncmié Solution
(Gravity included)
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~GRADE’
i BUTT DIV 12" TO 22" @

TREATED WITH
WOOR PRESERVATIVE

CROSS SECTION

" Timber

12" TO 24" DIA

- GRADE
4

12" TO 24" DIA,

&l

NOTE REINFORCING
MAY BE PRE-STRESSED

| . 12" TO 54 DIA,
! i

TAPER MAY /N
BE-OMITTED

TYPICAL CROSS SECTIONS

Precast Concrete

12" TO 18" DIA.

g SHELL
THICKNESS
1/8% TO 1/4"

TYPICAL CROSS SECTION
(FLUTED SHELLY~

10" TO 36" DIA.

. BEl SHELL 2
B THICKNESS
¥l 18 TO 1/47

! TYPICAL CROSS SECTION

(SPIRAL WELDED SHELL)

SIDES
STRAIGHT

OR TAPERED
MIN. TIP DIA. 8"

Cast-in-place Concrete

i : ‘ -
o 2

| ki -

| PILE SHALL Bk &
)

~GRADL

THICKNESS 12 GA.

"TO 20 GA, z;
SIDES STRAIGHT %
OR TAPEFRED

Cast?ih~p1ace Concrete & Mandrel

12" TO
GRADE 19" DIA.
i
CONCRETE CASING -

COMPACTED ! |
BY RAMMING § }

UNCASED CASED -
" SHAFT SHAFT

Pressure Injected Footings

Figure 64 . V’.'.[‘y’pical pile types used.
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W

8" TO 36" DIA.

‘!“"'IEE GRADE ;‘
CROSS SECTION :

OF PLAIN PIPE PILE,
WSHELL, THICKNESS 5/16~1/2
i

12" TO 36" DIA.

CROSS SECTION
OF PIPE PILE
WITH CORE

GRADE
A1

SOCKET REQ'D
FOR VERTICAL

MAY BE OMITTED

Cohcrete Filled Steel Pipe Piles

TYPICAL, COMBINATIONS

CONCRETE |

FILLED |
STEEL
SHELL

SECTION
N

. Composite Piles

TYPICAL CROSS SECTION

—>f f 12 to

O 16" p1a.

FLUID CONCRETE
CAUSES EXPANSION
OF PILZ DIAETHR
IN WEAK SOIL ZONES.
SOIL IS COMPACTED
AND CONSOLIDATED.

DRILLED PILES CAN BE PROPERLY
SEATED IN FIRM SUBSTRATA

Auger-placed Pressure Injected Concrete Piles
Figure 4. Continued.
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Figure 65

Application of Pile Driving Resistance Formuias

Kef. Navide Py-7

Basic pile driving formulas

For drop hammer For single-acting hammer

For double-acting
differential hammer

L 2WH

5+0./ Ca 5357

{Use when driven
weights are smaller|
than striking

weights,

Gy LWH_
vall = s+/
—2WH WH Use when driven
D ‘weights are larger

w than striking
5 weights,

Q= G

5+0./

S*O./—W—

2E

{Use when driven
s+0/

weipghts are smaller
than striking
weights,

2F

{Use when driven
O ‘weights are larger
than striking

s ?
weights,

allowable pile load in pounds:
weight of striking parts of hammer in pounds.
the effective height of fall in feet.

average net penetration in inches per blow for the last 6 in. of
" driven weights } Note :

exceed 3.

the actual energy delivered by hammer per blow in foot-pounds.

Ratio of driven weights to striking weights should not

driving.

weights of striking parts
Modifications of basic pile driving formulas

within I in. of additional penetration.

For piles driven to and seated in rock as high capacity end-bearing piles:

Drive to refusal {approximately 4 to 5 blows for the last quarter inch of driving).
Redrive open end pipe piles repeatedly until reslstance for refusal is reachea

lying bearing stratum:

Add blows attained before reaching bearmg stratum to required blows attained in

bearing stratum {see example).

r—

required load capa
hammer energy .

Wyq
Ws

GRADE ~ PILE
%:

FiLL

VL

COMPRESSIBLE
STRA

////}7

. BEARING
_s*rnnyun

Example:

<1

/—-«e blows /ft.

inch (24 blows/{t).

{

42 blows / #t.

Required blows for pile 24 +

Piles driven through stiff compressible materials unsmtable for pile bearing to an under-

Penetration(s)as per basic formula

city of pile Qy =25 tons
E = 15,000 ft-ib

1" or 2 blows per

18 = 42 blows/ft.

Determine allowable load by

GRADE —J [T SPiLE

STRATUM
UNSUI TABLE
FOR BEARING

BEARING 5! STRATUM

“’7/%

STIEF CLAY STRATUM INCOMPRESSIBLE
Z/BUT UNSUITABLE FOR POINT BEARING
LL Ll

Piles driven into limited thin bearing stratum, drive to predetermined tip elevation,
load test.
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KEF MAUFAC DM--T7

L ‘ 1.5
o : RATIO OF
¢ /€
o 1.00
) ($)
. \ <
R 3 |~ AVERAGE CURVE FOR B F
: CONCRETE PILES o
o -
= AVERAGE CURVE Y «
ALL PILES—
VERY SOFY
.25 SOFT 1 -2
WEDIUN STIFF
O\ K . STIFF VERY ISTIFF -
oL L ! ! 0
0 7 T ) 1500 2000 200 3000
COHESION C, PSF
Rutf RECOWNENDED VALUES OF ADHES 10N
” N PILE CONSISTENCY | CONESION, C|ADHESION, C,
iL2~” r TYPE OF S01L PSF PSEF
sofL VERY SOFT 0 - 250 0 - 250
PROPERTIES
J V3 C, $20 TI4BER | SOFT 250 - 500 250 - 480
vy .
AND  lyEp. STIFF $00 - 1000| 480 - 750
CONCRETE
L. Ca VATER HAS NO EFFECT YERY STIFF. | 2000 - 4000} 950 -1300
ON ULTINATE LOAD
1 CAPACITY UNLESS YERY SOFT 0 - 250 0 - 250
, COHESION IS CHANGED SOFT 250 - 500 250 - 460
t Quit 1S APPLIED LOAD| STEEL |WED. STIFF $00 - 1000| 460 - 100
/1 ONLY.PILE WEIGHT IS STIFF 1000 - 2000 | 100 - 720
BALANCED BY WEIGHT _
VERY . .
@ OF OVERBURDEN AND ERY STIFF [ 2000 - 4000 | 720 - 750
' IS NOT CONSIDERED.
g0°
ULTINATE LOAD CAPACITY PULLOUT CAPACITY
Quit = CNgTTR3 + CL 2ITRL Tep = GURTRL

Tult UNDER SUSTAINED LOAD MAY BE
LIMITED BY OTHER FACTORS,

ie

ULYIUATE LOAD FOR BUCKLING OF STEEL PILES IN SOFT CLAY.
Qut = A(CEI)®
A = 8 FOR VERY SOFT CLAY, [0 FOR SOFT CLAY {DIMENS IONLESS)

C = SOIL SHEAR STRENGEH rouND
I = WOMENT OF ENERTIA OF CROSS SECTION m‘c/u AND :
E = WODULUS OF ELASTICITY OF STEEL. UNITS

FORMULA APPLIES TO SLENDER STEEL PILES. GENERALLY HEAVY STEEL
PILES OR TIWBER OR CONCRETE PILES ARE NOT SUBJECT TO BUCKLING
1F EMBEDDED IN SOIL FOR THEIR ENTIRE LENGTH.

FIGURE 66
Ultimate Load Capacity of Piles in Cohesive Soils
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40 £H
ANGLE OF INTERNAL FRICTION BEFORE PILE DRIVING, ¢. DEGREES.

SOIL PROPERTIES DEFINITIONS: ‘
[r,';t,ac-o PILE IS DRIVEN WITHOUT JETTING OR REWOVAL oF
ul? WATERIAL WITHIN PILE.
Qu« ULTINATE LOAD CAPACITY, 4PPLIED LOAD ONLY.
e g g = ULTINATE BEARING CAPACITY AT TiP.

Ky= RATIO OF HORIZONTAL TO YERTICAL EARTH PRESSURE
ON SIDE OF PILE ABOVE PLASTIC ZONE. AVERAGES
0.5 FORP$=30°, 1.0 FOR @ = 45°,

Kg= RATIO OF HORIZONTAL TO VERTICAL EARTH PRESSURE
ON SIDE OF PILE WITHIN PLASTIC ZONE.

\ @ =ANGLE OF INTERNAL FRICTION IN CONPACTED ZONE

v AROUND PILE TIP (4° TO SCUARGER THAN @).

2R

L PLASTIC

~N
Q
x
- m

\ Quit = As* (-—zﬂy‘,szand')s (YATER BELOW dp)
\ g = RNy + KBY"L”Q - i FOR L Z 20R

’ ' L
DX et oF =S ?'zﬁ(ﬁRNf+Kﬂf7LN9) = ¥Yrl FOR L < 20R

sotL COHFACYVION/ EFFECT OF WATER

K 2 0 RIVI
ZHL | O TODRIVING, YATER AT GROUND SURFACE:

4 SUBSTITUTE Yaus FOR Yy IN 2/t
‘ P FOR WATER AT INTERWMEDIATE LEVEL, INTERPOLATE
| - BETWEEN LINITING CONDITIONS. '

’a

A ‘/"!‘();”

S« AYERAGE PILE PERIMETER | PULLOUT CAPACITY « Ty = 5(%”XrL’fan J)

, FIGURE 67
Ulhmute Load Copocny of Piles in Cohesionless Soil (for Alternate Method see Flgure 68 )
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KEF NAVFAC Diy-7

te

= Selol Ky Tan g 5 =AM 5
§< [ 40’ N ’ | 38
g = o] 21 | 2
E‘ 2000 10' ‘90' é 200,000\' /
}/ . MAXIMUM FOR TIMBER, L .
S8 o /% 2N T LT e
S rJ : ) 3
§ 1000 /// /,/V S-‘ 100,000 P ,//K
= — =3 °
3 [ /%/ g QZ/ g=25:
%x P 3 0 ;,_{__.-—/*——"""‘/ g=20-
0 7000 2000 3000 4o0 % o 7000 2000 3000 yoo0 5000

AVERAGE OVERBURDEN PRESSURE (7.)
N P.ﬂf‘, FOR LENGTH L

OVERBUROEN PRESSURE AT AILE TIP (Pe) IV oSt

WHERE : F = ANGLE OF INTERNAL FRICTION OF SO/L.

Ku= RATIO OF HORIZONTAL TO VERTICAL FARTH RESSURE ON SIDE OF PILE.
TAKEN TO BE EQUAL T0 1.0 IN GRAPH

L'=LENGTH OF FIRM EMBEOMENT.
Ny = VALUES USED IN CHART &) ARE TAKEN FRoM FIGURE & 9

_DEFINITIONS
: } 7 Qur = UTIMATE PILE LOAD CAPACITY.
‘ = PERIMETER SUPPORY + END SUPPORT,
7 = S X SURFACE AREA + g X END AREA.
ST VALUES IN GRrAPH (R) ARE FOR STRAIGHT COMCRETE PUES. ,
FOR TAPERED PILES, DUE TO INCREASED Ky , USE 23 VALVES ¥ @).
FOR STEEL OR TIMBER, DUE TO LOWER COEFFICIENT OF FRICTION,
USE 075X VALUES IN @) . .

68 ¥y = UNIT WEIGHTS OF SOIL, BY STRATA.

7 (SUBMERGED WTS BELOW WATER TABIE (WT).)
EXAMPLE PROBUM : _ DETERMINE. Quis
% WITH: LENGTH (H) = 40°; L' =25; Bym 65 pes @=30°
"3 AVERAGE DIAMETER = 10* )5 =25 per FOR /3'
- TIPAREA = 0.34 sp #» 2 w80 por* FOR 2°
710 AREA (Ay): Moy ¢Pe TIMBER PILE (CONSIDERED TAPERED)
) Guit = PERIMETER SUPPORT + END SOPPORT
LXAMPLE _SEcTioN - PERIMETER SUPPORT :
AVERAGE OVERBURDEN PRESSURE ()= (21323 )4(24 #1313 +2507)
; 2
£ = 1297 per ENTER (&) AT B ow ¢ =30°
FmTEO X2 X O0.75 = 125 o5t
r—oes/sm LOAD = Sttt . e % % (wegr) T
S X SURFACE AREA w 1125 pst x frDL* = 73000 LBS.
FOR CAPACITY AS A END SUPPORT:
TENSION PILE, USE OVERBURDEN PRESSURE AT PILE TIP (P¢)
STRAIGHT PILES AND Re 20791303 +2503 = 160 + 325 + /625 = 2110 psF
USE PERIMETER SUPOORT : ENTER AT Pe = 2110 AND Pw30°
ONLY IN RRM EMBEDMENT. THEN g = 38,000 pst"
G% As'=38,000psf X 03¢ 3¢ #¢ = 12,900 185, :

—{@uit = 73,000 s v 12,9000 185 = B6K |

, FIGURE 68
Ultimate Load Capacity of Driven Piles in Cohesionless Soils
(Alternate Method to Figure 67 )
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Figure 70 . Load transfer to shaft‘segment (aL)
: -VS, downward movement of segment .
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Figure 72. Slide element, Program DYNA-FLOW.
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For skin friction (D) Y. = ¥s5 =critical shear stran for skin
: friction
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compression
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Figure 73 . Pile degradation with cyclic loading.
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Figure 74. Mesh of Pile in Soil Field
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Settlement (cm)

Vertical Load (kg)

0 1000 200 ...300
: ;:__.__...._\..:_»m_.....,_.,,.fﬁ_ﬂ_,,. e et i i e e
10 |
' . 6 : 6
eHoriz K =10 Vert K=10
| . 3 6
[ Foriz K =10 . Vert K=10
- 5 .
A Horiz K=10" Vert K=10
20 Y

“()Horiz K=10° Vert K=10

Figure 75 . Load - settlement of pile.
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Pile Length

Pile Load (kg) '

Horiz K=l05

Vert K=|02

Figure 76. Distribution of force within pile,
75, 150 and 300 kg loads
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Pile Load (kg)

100 200 300 400

i“

See Previous
Figure For Legend

e Total Load

I

Pile Length _

v~ Gravity

Figure" 77 . Distribution of force ivithin pile |
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Figure 78. Contour of prici
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Hori zontal stress g/ cm2)

Vertical stress (kg/ cm2)'

~18,€0-18.99:-17.40-16. 8016, 20~15, 60--15, 00--14, 40--13. 8013, 20-13. 84

~13.60  ~13.40 13,20 -13.00° -12.80 ° -12.60

~13.80

Load Step (x10 b
1 1 i $ 1 { I3 H I 1
T L T T T L] T L T L
00 1.90 2.30 3.00 4. 00 5.00 6.90 7.00 9.00 9.00 10.00
RICON ‘ )
1.
(]
L
Load Step i x10 b
4 Il } 1 (] L [ k] ] q
T T T T L L} LJ L) 1 1
0 1.00 2.00 3.00 4.00 5.00 - 6.00 7.00 8.90 4.90 10.90°
o
1
L'C)
1

Figure 79. Pile in Soil Field—Cyelic load, 0 to 50 kg.
(Soil element beneath pile tip)
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Horizontal stress (kg/ cmz) .

Vertical stress (kg/ cm%

13,60 -13.2012.89 12,49 -12.95 -1i.60 -1i.¢0 -10.83 -i0.40 -'6)‘33

-1.€0 -1.43 1.0 ~1.20 -.83

~1.99

(&0
=t

!.oad Step ; (x10 b '

4.00 5.00

81 . Pile in Soil Field—Cyclic load; =50 to 50 kg.
(Soil element beneath pile tip)
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Pile Load (kg) |
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Pile Length o
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== Cyc.:lic load, st cycle
Cyclic load, 0 to 150 kg, Sth cyc_le/ A

—— Cyclic load, ~150 to 150 kg, 5th cy

.

B Figure 83. Distribution of force within pile,
' Cyelic load : o
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Horizontal stress (kg/ cm.z)

Vertical stress (kg/ cmz)'

Led

29-11.43-19.80:10

€512,

~1€.45-15, €315, 0014, 43-13. 80413, &3 12

STS

2.0 -t 2.3

~e. 82 »2. 40 -4l

L%

: 5#-1.50

\ 55=016

¢ -+ t + + t
4 .00 2.00 3.00 q.90 5.00 6.00
[
s N
Q “grav N\
\- \

|
VRS

s==2. 78 ' 515

Figure 85. Pile in Soil Field—Cyclic load, 0 to 150 kg.
(Soil element beneath pile tip)
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Horizontal stress (kg/ cmz)

Vertical stress (Kq/cmz)

39 0.2

o

-3 ~43 -0

1,90 .89

.20

-i.€0 -1.40

2. 00 2.43

.93 100 -i.ed -8 .43

.40

+ L 1
{xi0 [%

» \/ \/ ) Sgrav
1 / 5 5=0.7l

Load Step
20 ne 1.90 20 3.00 4,00 5.!;9 G.[;D 7.0‘0 8.00 9.00 i0.00
grav
s.==0.97
- s|5=0.8l
s'=-2.78

Figure 86. Pile in Soil Field—Cyclic load, =150 to l50 kg.
(Soil element beneath pile tip)
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Settlement (cm)

Settlement (cm)
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Figure &7.

4
1
7.00
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Pile in Soil Field—Cyclic load
(Pile settlement) B
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i
Scale factor =1.25 ,. Scale factor = 0.25
Step 10 | Step 20 |
0 kg
4

Scale factor =1.25 Scale factor = 0.25
Step 30 Step 40

Figure 88. Deformed Mesh—Cyclic load, 0 to 50 kg.
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Vertical stress (kg/ cm2)

Horizontal stress (kg/ cm2)

" Load Step
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Load Step

(X 10 b
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~<3,200 -2.83 -2.430 -£.90 -i.£D ~1.20

~3.63°

-4,33
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1,00 2.00 3.00 4,00 5.00

Figure 89. Pile in Soil Fieid—CYCIic load, 0 to 300 kg.
(Soil element beneath pile tip)

160

7.90




2
si 4‘457{_5/ - - P#Scal/efaéré{w/ | !

7/
" Scale factor = 7.36 Scale factor = 1.33
Step 30 " - Step 40

Figure 90. Deform‘ed mesh— Cyclic load, 0 to 300 kg.
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~ Figure 90. Continued -
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— — Load step=25 kg
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Figure 92. Load-Settlement of Pile
(with water table)
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Pile Load ke)

50 | 100 150

Pile Length -

- =~=-~ Cyclic load, I‘st'vcycvle
- Cyclic load, 0 fo 150 kg, 5th cycle .
—— — Cyclic load,-150 to 150 kg, 5th cycle / :

Friction

Figure 93. Distribution of force within pile,
Cyclic load (with water table)
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Horizontal Stress (kg/cm2)

Vertical Stress (kg/cmz)
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‘Figure 94. Pile in Soil Field~Cyclic load, 0 to 150 kg

(Soil element beneath pile tip)
(vith water table)
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Figore 95. Pile in Soil Field—Cyclic load, =150 to 150 kg
(Soil element beneath pile tip)
(with water table)

168



Settlement (cm)

-2.40 -2.i0 -1.80 -1,50 -1.20 ~-.90

Settlement (cm)

& 93

-.30

-.60

-1.90 -.50

~2.00 -i.50

~2.50

Load Step ¢x10 b

(xi0 9

Oto150 kg WA5=-2.,53
Load
Step

1 I I l

&9 0.5 1.00 1.50 2.00

L] v ¥ T
3.00 %.00 S. 00 6.00 v \/l 20

~150 to 150 kg

Figure % Pile in Soil Fleld—Cyclic Load
~ (Pile settlement) (~ith water table)
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97. Pile in Soil Field—Cyclic Load

(soil element beneath pile tip) -

(vith water table)
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